INTRODUCTION
Glutamatergic synapses mediate most of the excitatory neurotransmissions in the brain and adapt their strength to salient stimuli, often by involving the glutamate NMDA receptor (NMDAR) (Yashiro and Philpot, 2008) . The role of NMDARs in the central nervous system has thus been extensively studied using genetic and pharmacological manipulations. NMDARs are heterotetramers comprising various combinations of GluN1, GluN2A-D, and GluN3A-B subunits that confer specific biophysical and pharmacological properties to the receptor (Paoletti et al., 2013) , with GluN2A-and GluN2B-containing receptors being the predominant forms of NMDARs found in the forebrain. The relative content of GluN2A and GluN2B subunits directly influences long-term plasticity at forebrain synapses and varies during brain development and sensory experience, and between brain hemispheres (Ito et al., 2000; Kawakami et al., 2003; Lau and Zukin, 2007; Smith et al., 2009; Yashiro and Philpot, 2008) . Although it is well established that both receptor subtypes play important roles in synaptic adaptations, the specific involvement of GluN2A-and GluN2B-NMDARs in long-term potentiation (LTP) is still a matter of debate (Shipton and Paulsen, 2013; Yashiro and Philpot, 2008) , which is likely attributable to the lack of appropriate pharmacological or genetic tools to finely dissect the GluN2A/2B contributions to NMDAR-mediated signaling (Bartlett et al., 2007; Berberich et al., 2005; Fox et al., 2006; Izumi et al., 2006; Li et al., 2007; Liu et al., 2004; Romberg et al., 2009 ). In addition, rapid modifications of the GluN2A/2B ratio occur shortly after the induction of synaptic potentiation in young hippocampal neurons through fast redistribution of surface receptors (Bellone and Nicoll, 2007; Dupuis et al., 2014; Matta et al., 2011) , thus adding an additional layer of complexity in defining the exact role of GluN2 subunits in synaptic plasticity.
The synaptic content of GluN2A-and GluN2B-NMDARs is regulated by exocytosis, endocytosis, and lateral diffusion processes (Bard and Groc, 2011; Lussier et al., 2015; Paoletti et al., 2013) . Once at the synapse, the anchoring of GluN2A-and GluN2B-NMDARs greatly depends on their cytoplasmic C-terminal tails that contain motifs for protein-protein interaction and phosphorylation (Lussier et al., 2015) . Although these mechanisms undoubtedly control the NMDAR synaptic content, distinct scaffold proteins and protein kinases have been identified to act on either GluN2A-or GluN2B-NMDARs, opening the possibility for different regulatory pathways and complexes (Lussier et al., 2015) . Electron microscopy studies have suggested that the distributions of GluN2A-and GluN2B-NMDARs in the postsynaptic compartment and their regulatory mechanisms are distinct (Park et al., 2008; Shinohara et al., 2008) . However, the nanoscale organization of GluN2A-and GluN2B-NMDAR pools within the postsynaptic compartment and the underlying molecular regulatory machinery remain an enigma.
Recent advances in super-resolution fluorescence microscopy enable imaging individual membrane receptors with subdiffraction resolution (Liu et al., 2015; Sahl et al., 2017; Zhuang, 2009 ). Among super-resolution approaches (Godin et al., 2014) , the single-molecule localization microscopy (SMLM) techniques, such as direct stochastic optical reconstruction microscopy (dSTORM) , are effective tools to establish the molecular architecture of subcellular structures such as synapses. By determining the position of single fluorescent molecules with nanometer-scale precision, SMLM allows the nanoscale reconstruction of molecular assemblies. These approaches have been successfully applied to unveil the organization of neurotransmitter receptors in neuronal networks. In particular, the AMPA and GABA A receptors are organized in nanoscale domains in postsynaptic densities of excitatory and inhibitory synapses, respectively (MacGillavry et al., 2013; Nair et al., 2013; Pennacchietti et al., 2017; Specht et al., 2013) . Functionally, it has been proposed that these nanodomains of neurotransmitter receptors and scaffold proteins are dynamically regulated and control synaptic transmission through the alignment of pre-and postsynaptic molecular complexes (Tang et al., 2016) . Presynaptically localized receptors and channels have also been investigated using super-resolution imaging, revealing the functional relevance of such nanoscale organizations (Dudok et al., 2015; Ehmann et al., 2014; Zhan et al., 2014) . Here, we used SMLM imaging, single-nanoparticle tracking, and electrophysiological recordings to investigate the dynamic nanoscale organization of native GluN2A-and GluN2B-NMDAR and its role in the adaptation of hippocampal synapses.
RESULTS
Nanoscopic Topography of Surface GluN1-, GluN2A-, and GluN2B-NMDARs In order to map all membrane NMDARs, the GluN1 subunit was labeled in live hippocampal neurons at day in vitro (DIV) 17 using an antibody directed against the extracellular N terminus (L€ u et al., 2017) . Using conventional, diffraction-limited epifluorescence imaging, the classical distribution of GluN1-NMDAR clusters was observed along dendrites ( Figure 1A , upper panels). In contrast, dSTORM super-resolution imaging revealed that GluN1-NMDAR clusters were composed of several adjacent nano-sized objects, which we chose to refer to as nanodomains ( Figure 1A , lower panel). As NMDARs in hippocampal neurons contain GluN2A and/or GluN2B subunits, we then labeled live neurons at DIV 17 using specific custom-made antibodies directed against the extracellular N termini of GluN2A or GluN2B subunits ( Figure S1 ). Both GluN2A-and GluN2B-NMDARs were expressed on the neuronal surface ( Figures 1B and S2A ). Diffraction-limited epifluorescence images of surface GluN2A-or GluN2B-NMDARs revealed comparable distributions along dendrites, with indistinguishable GluN2A-and GluN2B-NMDAR clusters . Quantitative dSTORM imaging was then used to unveil the nanoscopic distribution of surface . Details on number of cells and independent experiments and statistical p values can be found in Table S1 . In contrast with diffraction-limited epifluorescence imaging, the nanoscale distributions of GluN2A-and GluN2B-NMDARs were different at first sight, with more nanodomains of GluN2A-NMDARs. We used three gold-standard quantification approaches to analyze Table S1 . For distribution representations, see Figure S4 . and compare GluN2A-and GluN2B-NMDAR clusters (for details, refer to STAR Methods). Density-based spatial clustering of applications with noise analysis (DBSCAN) was first used to characterize the clusters ( Figure 1D ). The GluN2A-NMDAR nanoscale cluster area was found to be $50% larger than that of GluN2B-NMDARs ( Figures 1E and S4A) , indicating that GluN2A-and GluN2B-NMDAR synaptic organizations are different. dSTORM images also revealed that these clusters were not uniform but contained distinct nanodomains ( Figure 1F ). In order to better characterize the intracluster organization and overcome the limitation of DBSCAN when analyzing structures in close proximity, we used a wavelet-based segmentation method applied to the intensity-based images (Nair et al., 2013) to perform a precise morphometric analysis of the nanodomains, such as the area, the number per cluster, and the shape ( Figures 1F and 1G ). The areas of GluN2A-and GluN2B-NMDAR nanodomains were similar ( Figures 1G and S4B ). However, the number of GluN2A-NMDAR nanodomains was twice as large as that of GluN2B-NMDARs ( Figures 1G and S4C ). Furthermore, GluN2B-NMDAR nanodomains tended to be more elongated than GluN2A-NMDAR ones as evaluated by the shape factor ( Figure S4D ). Thus, GluN2A-and GluN2B-NMDARs form nanodomains with subunit-specific characteristics. Additionally, this morphometric analysis approach confirmed the difference between GluN2Aand GluN2B-NMDAR clusters observed using the DBSCAN analysis ( Figure S4E ; GluN2A: n = 315 clusters from 16 cells in a total number of 6 experiments; GluN2B: n = 148 clusters from 14 cells in a total number of 7 experiments). Finally, we used a Voronoï tessellation analysis (SR-Tesseler; segmentation framework based) to finely characterize nanodomains ( Figure 1H ) (Levet et al., 2015) . Consistent with the previous analysis methods, GluN2A-NMDAR cluster area was found to be 50% larger than that of GluN2B-NMDARs ( Figures 1I and S4F ; for both GluN2A and GluN2B: n = 91 clusters from 8 cells in a total number of 4 experiments). In addition, GluN2A-and GluN2B-NMDAR nanodomain areas were similar, whereas their numbers were different (Figures 1I, S4G, and S4H) . We further validated these 2D quantifications by performing 3D dSTORM imaging of both NMDAR subtypes using the SELFI method to achieve quasi-isotropic 3D resolution independently of optical aberrations induced by sample inhomogeneities (Bon et al., 2018) and confirmed that the nano-organizations of GluN2Aand GluN2B-NMDARs were different, especially in terms of the nanodomain number per cluster ( Figure S5 ). Thus, both GluN2A-and GluN2B-NMDARs are differentially organized in surface clusters.
Although most surface NMDAR clusters are synaptic (Figure S6) , we then specifically investigated the nanoscale organization of GluN2A-and GluN2B-NMDARs within glutamatergic synapses labeled with the postsynaptic marker PSD95. GluN2A-NMDAR clusters were more strongly colocalized with PSD95 than GluN2B-NMDARs ( Figures S7A and S7B ). When their synaptic organization was compared at the nanoscale level, the number and area of synaptic (PSD95-positive) GluN2A-NMDAR nanodomains were found to be larger than that of GluN2B-NMDARs ( Figures S7C-S7G ), consistent with previous observations. Noteworthy, fewer GluN2A-and GluN2B-NMDAR nanodomains were found when comparing non-synaptic (immu-nonegative for PSD95) to synaptic clusters (nanodomain number: GluN2A, PSD95+: 5.6 ± 0.25, n = 186; PSD95À: 3.4 ± 0.3, n = 128 clusters; p < 0.001; GluN2B, PSD95+: 2.9 ± 0.2, n = 69; PSD95À: 1.7 ± 0.1, n = 68 clusters; p < 0.001). Collectively, these data indicate that GluN2A-and GluN2B-NMDAR clusters are organized in nanoscale objects that bear subtypespecific features, particularly at synaptic sites.
Comparative Nanoscale Organization of GluN2A-and GluN2B-NMDARs within a Same Synapse The differential nanoscale organization of GluN2A-and GluN2B-NMDARs suggests that these subtypes are not confined into similar compartments, even though GluN2A and GluN2B clusters appear to fully overlap in diffraction-limited images ( Figure S8 ). To test this assumption, we decided to label simultaneously GluN2A-and GluN2B-NMDARs within synaptic GluN1-NMDAR clusters ( Figure S6 ). To this end, we co-expressed exogenous GluN2A-HA and GluN2B-FLAG, as well as GluN1-GFP, to delineate NMDAR clusters within dendritic spines ( Figure 2A ). The nanoscale organization of GluN2A-and GluN2B-NMDARs within the same GluN1-NMDAR clusters was similar to the one described in distinct clusters (e.g., number of nanodomains per cluster: 2.8 ± 0.3 GluN2A-HA, 1.4 ± 0.17 GluN2B-Flag, Mann Whitney test p < 0.0001) ( Figure 2B ). Interestingly, most GluN2Aand GluN2B-NMDAR nanodomains did not overlap with each other ( Figures 2B and 2C) . Indeed, the colocalization between nanodomains, measured as the fraction of overlapping surface divided by the total surface of the nanodomains of each label, only ranged between 20% and 40% ( Figure 2D ). This suggests that only a limited fraction of receptor subtypes are intermixed. Finally, we used two-color stimulated emission depletion (STED) microscopy, a conceptually different super-resolution imaging technique, to further decipher the nanoscale organization of tagged GluN2A-and GluN2B-NMDARs in the same GluN1-NMDAR cluster. Two-color STED images confirmed a heterogeneous distribution of each receptor subtype, and the larger area occupied by GluN2A-NMDAR clusters compared to GluN2B-NMDARs ( Figures S9A and S9B ). Furthermore, only 30% of GluN2A-NMDARs were found to overlap with GluN2B-NMDARs in a given cluster ( Figure S9C ). Collectively, these data demonstrate that, at a given synapse, GluN2A-and GluN2B-NMDAR nanoscale organizations are different, and their respective nanodomains do not overlap extensively.
Developmental Changes in the Nano-organization of GluN2A-and GluN2B-NMDARs During brain development, the subunit composition of NMDARs changes (e.g., Barth and Malenka, 2001; Monyer et al., 1994) . In rodents, GluN2B-NMDARs are highly expressed at immature synapses, whereas GluN2A-NMDAR synaptic levels increase progressively after birth. To understand the nanoscale maturation of GluN2A-and GluN2B-NMDARs and explore whether the differences in GluN2A-/GluN2B-NMDAR nano-organization persist throughout development, we immunostained these receptor subtypes at different time points of cell culture maturation. First, we established the maturation profile of glutamatergic synapses (PSD95+) in our cultured hippocampal networks, confirming that synapse numbers increase significantly over two weeks in vitro and show a concomitant developmental switch in GluN2A/B subunit enrichment ( Figure S2 ). Next, we labeled GluN2A-or GluN2B-NMDARs in live neurons at DIV 10, 17, or 24 to perform dSTORM imaging. Interestingly, GluN2A-NMDAR clusters underwent a major reorganization throughout development ( Figures 3A-3F ). Indeed, all cluster parameters-including area, molecule numbers, and nanodomain area and numbers per cluster-were affected ( Figures 3A-3F) , with a marked change at DIV 17, a developmental stage at which most glutamatergic synapses acquire the axon-spine morphology. On average, GluN2A-NMDAR cluster areas increased between DIV 10 and 17, then diminished at DIV 24 ( Figure 3B ). These changes were paralleled by changes in the molecule density per cluster , as well as in the absolute number of molecules (Table S2 ). For GluN2B-NMDAR clusters, only subtle changes were observed during this period ( Figures 3A-3F ). GluN2B-NMDAR cluster areas increased between DIV 10 to 17, then remained stable over time ( Figure 3B ). The molecule density per GluN2B-NMDAR cluster and the absolute number of molecules (Table S2) were not correlated with this profile, as it was highest at immature states, decreasing during maturation ( Figure 3C ). When comparing both NMDAR subtypes over these developmental stages, the GluN2A-NMDAR cluster area was found to be initially larger at DIVs 10 and 17 compared to GluN2B-NMDARs, but this difference did not persist at DIV 24 ( Figure 3B ). Thus, the maturation profiles of GluN2A-and GluN2B-NMDAR nanoscale organizations were different. When exploring the evolution of morphometric characteristics of GluN2A-and GluN2B-NMDAR nanodomains over this develop-mental period, a similar trend was observed. Although initially larger for GluN2B-NMDAR compared to GluN2A-NMDAR at DIV 10, the nanodomain areas of both NMDAR subtypes (legend continued on next page) followed a comparable maturation profile changing after 2 weeks in culture ( Figure 3E ). No significant difference was later observed at DIV24. The number of nanodomains also increased at DIV 17 for GluN2A-NMDAR, whereas for GluN2B-NMDAR, it increased only at later stages ( Figure 3F ), although GluN2A-NMDAR clusters contained more nanodomains compared to GluN2B-NMDARs at all maturation stages. Together, these data indicate that the nanoscale organization of GluN2A-and GluN2B-NMDARs is highly regulated throughout the in vitro maturation of hippocampal networks and suggest the presence of distinct regulatory strategies for each receptor subtype.
PDZ Scaffold Differentially Regulates NMDAR Nanoscale Organization
To directly test whether different cellular mechanisms regulate the nanoscale organization of GluN2A-and GluN2B-NMDARs, we probed each subtype by interfering with its synaptic anchoring (Lau and Zukin, 2007) . The PDZ binding motif at the C termini of GluN2A-and GluN2B-NMDARs is involved in interaction with membrane-associated guanylate kinases (MAGUKs) and plays a critical role in the synaptic organization of NMDARs (Frank et al., 2016) . Thus, we chose to selectively alter GluN2A or GluN2B interactions with PDZ scaffolds using divalent biomimetic competing ligands that were applied for tens of minutes only in order to avoid any potential long-term synaptic re-organizations ( Figure S10 ) (Bard et al., 2010; Sainlos et al., 2011) . Building up on previously described peptides derived from the GluN2A subunit (Bard et al., 2010) , we also designed ligands that mimic the GluN2B C-terminal motifs. Comparably to the GluN2Aderived divalent ligands, the GluN2B-based divalent biomimetic peptides showed an improved capacity to bind PDZ domains clusters over their corresponding monovalent counterparts (Figures S10, S11, and S12). To quantify the capacity of biomimetic divalent competitive ligands to destabilize subunits in live synapses, single-nanoparticle (quantum dot) tracking of GluN2A or GluN2B subunits was performed in neurons acutely exposed to cell-permeant TAT-conjugated peptides. Consistent with previous studies (Bard et al., 2010; Sainlos et al., 2011) , competitive ligands strongly, selectively, and similarly interfered with the binding of the C-terminal domain of either GluN2A or GluN2B subunits with PDZ scaffold proteins ( Figures 4A and 4B ). In the presence of TAT-2A 2 ligands, the cluster area and molecule number of GluN2A-NMDARs were decreased significantly ( Figure 4C and Table S2 ). As the nanodomain area and number remained stable ( Figure 4D ), the relative density of GluN2A-NMDARs within nanodomains significantly decreased ( Figure S13A ). In this condition, a slight but significant change in the GluN2B-NMDAR nanoscale organization was observed-i.e., an increased num-ber of nanodomains (Figure S14A-S14D). Thus, when the interaction between GluN2A-NMDARs and PDZ scaffolds is artificially disrupted, GluN2A-NMDAR nanodomains are partially depleted in receptors, while their geometry remains stable, and a mild simultaneous redistribution of GluN2B-NMDAR is observed.
Surprisingly, when GluN2B-NMDARs were challenged with TAT-2B 2 ligands, their nanoscale cluster area and molecule number were unaltered ( Figure 4E and Table S2 ). Instead, the area of nanodomains significantly increased ( Figure 4F ), leading to a decrease in receptor density within nanodomains (Figure S13B) . In parallel, a slight-but significant-change in the GluN2A-NMDAR nanoscale organization was observed (Figure S14E-S14H). Thus, disrupting the interaction between GluN2B-NMDARs and PDZ scaffolds triggers their redistribution within the synapse, promoting a reorganization of nanodomains without affecting receptor numbers. Together, these data demonstrate that GluN2A-and GluN2B-NMDARs are differentially regulated by the binding to PDZ scaffold. The regulation of GluN2A-NMDARs would thus involve changes in the receptor pool within stably defined nanodomains, whereas the regulation of GluN2B-NMDARs involves changes in the nanodomain topography with a rather stable receptor pool.
GluN2A-and GluN2B-NMDAR Nanoscale Redistributions Tune Synaptic LTP
The observation that GluN2A-and GluN2B-NMDAR nanoscale organizations are distinct and differentially regulated by scaffold partners raises the possibility that these nanodomains are involved in different physiological functions. Earlier studies have revealed that both GluN2A-and GluN2B-subunit-containing NMDARs are involved in long-term synaptic plasticity (Shipton and Paulsen, 2013; Yashiro and Philpot, 2008) . However, the respective contribution of each receptor subtype to synaptic LTP is still hotly disputed, mainly because of the limitations inherent to the antagonist-or knockout-based approaches involved. To circumvent this, we took advantage of the biomimetic competing ligands described above aiming to selectively disorganize either GluN2A-or GluN2B-NMDAR synaptic nanodomains and to see how this affects LTP expression.
First, we examined the relative synaptic content of GluN2A-and GluN2B-NMDARs by recording NMDAR-mediated excitatory postsynaptic currents (EPSCs) at CA3-CA1 glutamatergic synapses in presence of either NS 2 , 2A 2 , or 2B 2 ligands infused through the patch pipette while delivering bath applications of the GluN2Aor the GluN2B-selective antagonists Zn 2+ (250 nM) and Ro 25-6981 (2 mM), respectively ( Figure 5 ). In the absence of biomimetic peptide or in the presence of the control NS 2 ligand, a significant decrease in NMDAR EPSC amplitude was observed Table S1. in presence of Ro 25-6981 (by 27% or 32%, respectively; Figures  5A-5C ). This reflected the basal GluN2B-NMDAR contribution to NMDAR-mediated synaptic currents. Conversely, partial GluN2A blockade through Zn 2+ (250 nM) application inhibited NMDARmediated EPSCs by 41% in the absence of peptide and by 36% in the presence of the control NS 2 ligand (Figures 5D-5F) . In comparison, 2A 2 ligand infusion enhanced the Ro 25-6981-dependent inhibition of NMDAR EPSC by up to 43% and decreased Zn 2+dependent NMDAR blockade down to 16%, consistent with a lateral escape of synaptic GluN2A-NMDARs and relative enrichment in GluN2B-NMDARs ( Figures 5A-5F ). When infusing the 2B 2 ligand, Ro 25-6981-dependent inhibition of NMDAR EPSC significantly decreased down to 12% while Zn 2+ -dependent blockade increased up to 60%, consistent with a synaptic depletion of GluN2B-NMDARs and a relative enrichment in GluN2A-NMDARs ( Figures 5A-5F ). Interestingly, these manipulations only altered the relative abundance of GluN2A-and GluN2B-NMDARs as the overall amount of synaptic NMDARs remained stable. Indeed, the amplitude of NMDAR EPSCs at CA3-CA1 glutamatergic synapses was unchanged during the exposure to either NS 2 , 2A 2 , or 2B 2 ligands ( Figures 5G and 5H) , consistent with earlier observations in cultured hippocampal neurons (Bard et al., 2010) . Thus, these competing ligands alter the receptor nanoscale organization and GluN2A/2B synaptic ratio (20%-40%), but leave the overall amplitude of NMDAR-mediated currents intact.
We next tested the role of GluN2A-and GluN2B-NMDAR relative organization in the ability of CA3-CA1 synapses to express LTP. A standard LTP-induction protocol with NS 2 control ligands infused whole cell produced a persistent 214% potentiation that could be fully blocked by the bath application of the NMDAR competitive antagonist AP5 (50 mM) ( Figures 6A-6C ). Strikingly, whole-cell dialysis of 2A 2 increased the magnitude of LTP (measured 40 min after induction) by 64% when compared to the control NS 2 ligand infusion condition ( Figures 6A-6C ). In contrast, 2B 2 dialysis decreased the magnitude of LTP by 86% when compared to the NS 2 condition (Figures 6A-6C ). Collectively, these data suggest that the acute manipulation of the GluN2A/GluN2B-NMDAR synaptic ratio, while having no effect on the overall NMDAR-mediated synaptic current, bi-directionally controls the range of use-dependent plasticity at CA3-CA1 hippocampal synapses: depleting synapses in GluN2A-NMDARs strengthens LTP expression, whereas increasing the contribution of GluN2A-NMDARs weakens it.
DISCUSSION
Here, we used SMLM imaging and patch-clamp electrophysiology in hippocampal neurons to reveal the nanoscale organization of GluN2A-and GluN2B-NMDARs and its functional role in synaptic plasticity. Documenting the distribution of individual molecules revealed substantial differences between the nanoscale structures of the two NMDAR subtypes, particularly in the number, area, and shape of their nanodomains. At a given synapse, only a fraction of GluN2A-and GluN2B-NMDAR nanodomains overlap, indicating the presence of distinct regulatory macromolecular complexes that differentially evolve during development. Remarkably, acute exogenous re-organization of GluN2A-and GluN2B-NMDARs, which leaves intact the overall NMDAR-mediated current, bi-directionally tunes synaptic LTP ( Figure 6D ). Thus, the nanoscale organizations of membrane GluN2A-and GluN2B-NMDARs in hippocampal neurons are structurally different, regulated through distinct cellular mechanisms, and have contrasted consequences on the plastic range of synapses.
Advances in super-resolution microscopy have revealed that the nanoscale organization of neurotransmitter receptors, scaffolds, and signaling molecules is structured in the postsynaptic compartment (Broadhead et al., 2016; Frost et al., 2010; MacGillavry et al., 2013; Nair et al., 2013) . For instance, in hippocampal synapses, AMPA receptors and PSD95 are clustered in 1-4 nanodomains ($50-80 nm size) that have been proposed to be plastic entities (MacGillavry et al., 2013; Nair et al., 2013) . A subtype specificity in the nanoscale distribution of surface and intracellular GluN2A/2B-NMDAR was previously suggested based on the differential enrichment in PSD95 clusters (MacGillavry et al., 2013) . Here, we provide the first surface mapping of both GluN2A-and GluN2B-NMDARs at the nanoscale level, revealing the presence of approximately 5-10 nanodomains ($55 nm) per synaptic area. The similarities between AMPA receptors, PSD95, and now NMDAR nanodomains in hippocampal synapses strengthen the view that the postsynaptic region is a highly compartmentalized entity. Interestingly, nanoclusters have also been identified with respect to other, non-neuronal membrane proteins (Garcia-Parajo et al., 2014) . Therefore, nanoclustering appears to be a dominant feature of membrane protein organization which potentially represents a mode of spatiotemporal orchestration of biochemical reactions as suggested by liquid-liquid phase transitions (Li et al., 2012) . Compartmentalization is even more critical for the postsynaptic terminal in which it can accelerate reaction kinetics for signal transmission, as for PSD95 and SynGAP (Zeng et al., 2016) . The postsynaptic receptor nanodomains are likely to boost neurotransmitter signals as they are spatially juxtaposed to the presynaptic release machinery (Tang et al., 2016) . The differential and largely non-overlapping nanoscale organization of GluN2A-and GluN2B-NMDARs described here thus suggests the presence of distinct NMDAR-mediated transmission units. Furthermore, our data indicate that, if present, the GluN2A/2B tri-heterotetramers (Al-Hallaq et al., 2007; Gray et al., 2011; Rauner and Kö hr, 2011) could represent up to 30% of postsynaptic NMDARs. Thus, NMDAR signaling may proceed from a nanoscale mosaic of GluN2A-and GluN2B-NMDAR complexes that could constitute, or be part of, distinct functional units in the synapse.
Over the past few decades, the mechanisms underlying the trafficking and synaptic anchoring of GluN2A-and GluN2B-NMDARs have been the subject of intense investigations. It has been proposed that the binding of GluN2A/B subunits to different MAGUK proteins, through the interaction between the C terminus of GluN2A/2B subunits and PDZ domain of MAGUKs, plays an important role in their synaptic anchoring (Horak et al., 2014; Lussier et al., 2015) . Here, surface GluN2A-and GluN2B-NMDARs were acutely challenged with high-affinity competing ligand, and their surface reorganization was monitored at the single-molecule and nanoscale levels. Although such competing ligands can theoretically interfere with other PDZ domain-mediated interactions, the organization of both GluN2A-and GluN2B-NMDARs was specifically altered by these molecular challenges, which was consistent with the role of PDZ scaffolds in the regulation of NMDAR-mediated transmission (Horak et al., 2014; Lussier et al., 2015) . However, these modifications differed depending on the receptor subtype considered. Preventing the interaction between GluN2A-NMDARs and PDZ scaffolds-as measured in synapses and with ligand assaysreduced the number of receptors while preserving stable nanodomain topography. In contrast, disrupting the interaction between GluN2B-NMDARs and PDZ scaffolds did not alter receptor numbers but instead affected the topography of nanodomains. These observations lend support to a model in which synapses would control GluN2A-NMDAR signaling by changing their number in defined stable domains and GluN2B-NMDAR signaling by changing their topological organization. One prediction for GluN2B-NMDAR redistribution is that once their anchoring with PDZ scaffold is disrupted, other mechanism(s) ensure their synaptic retention in different compartment(s). Furthermore, our data suggest that GluN2A-and GluN2B-NMDARs are in distinct complexes and/or domains. Consistent with these observations, NMDARs have been proposed to be partitioned into two discrete populations in vivo that are referred to as 0.8 and 1.5 MDa NMDAR complexes that contain different subunit amounts and receptor combinations (Frank et al., 2016) . In addition, GluN2A-and GluN2B-NMDARs do not play the same role in these complexes, as the disruption of the interaction between GluN2B-NMDARs and MAGUK proteins dismantles NMDAR supercomplexes specifically (1.5 MDa). The GluN2A and GluN2B-NMDARs are thus likely to be specifically embedded into distinct nanoscale complexes, with different signaling cascade(s) and function(s).
What is the functional significance of this subunit-specific nanoscale organization of synaptic NMDA receptors? GluN2A-and GluN2B-NMDARs have been shown to differentially influence brain development, plasticity, and sensory experience processes (Lau and Zukin, 2007; Paoletti et al., 2013) . However, defining the respective roles of each receptor subtype in synaptic potentiation has remained a controversial issue, with the somewhat contrasting conclusions originating from antagonist-or knockoutbased studies addressing this question. Indeed, pharmacological or genetic interventions on either subunit had a varying impact on Normalized EPSC amplitudes (normalization to the mean amplitude of EPSCs recorded during baseline acquisition) are plotted against time for non-sense (NS 2 ; black), GluN2A-selective (2A 2 ; blue), and GluN2B-selective (2B 2 ; orange) competing ligands conditions. Data are presented as mean ± SEM. (C) Normalized EPSC amplitudes at baseline or 40-45 min after pairing in non-sense (NS 2 ; black), non-sense + AP5 50 mM (NS 2 + AP5; white), GluN2Aselective (2A 2 ; blue), and GluN2B-selective (2B 2 ; orange) competing ligands conditions. Data are presented as mean ± SEM. Preventing the synaptic stabilization of GluN2A-NMDAR increased the plastic range of hippocampal synapses, while preventing the synaptic stabilization of GluN2B-NMDAR decreased it. (D) In basal condition, GluN2A-and GluN2B-NMDARs are organized in nanodomains (GluN2A > GluN2B). After disrupting the interaction between C termini and PDZ scaffolds, GluN2A-and GluN2B-NMDAR nanodomains are reorganized through two distinct modes: the number of GluN2A-NMDARs is altered in a fixed domain, whereas the number of GluN2B-NMDARs remains unchanged in an altered ''labile'' domain. These manipulations lead to opposite changes in LTP at CA3-CA1 synapses.
NMDAR-dependent LTP expression depending on the age and brain region (Shipton and Paulsen, 2013; Volianskis et al., 2015) . Using divalent biomimetic ligands selectively acting on the synaptic content and nano-organization of GluN2A-or GluN2B-NMDARs, we show here that the GluN2A/2B ratio bi-directionally controls LTP at CA3-CA1 hippocampal synapses. Indeed, the 2A 2 and 2B 2 ligand infusions resulted in significant and selective up-and downregulations of GluN2A-and GluN2B-NMDAR contributions, respectively, while leaving NMDAR current amplitudes intact, suggesting that compensatory mechanisms allow for the maintenance of NMDAR synaptic homeostasis and that GluN2Aand GluN2B-NMDAR synaptic stabilization involves, for part, distinct scaffolding partners, as previously suggested (Lussier et al., 2015) . Furthermore, our data demonstrate that a decrease in GluN2A/2B synaptic ratio at CA3-CA1 synapses boosts LTP expression, whereas an increase suppresses it. Indeed, partial depletion of GluN2A-NMDAR at synapses extends the ability to express LTP, whereas decreasing the contribution of GluN2B-NMDAR represses it, as previously suggested (Gardoni et al., 2009) . The prominent role of GluN2B-NMDARs in synaptic potentiation could result from their unique ability to interact with and act as a cargo for CaMKII, allowing its fast redistribution and accumulation to dendritic spines, where its activation by calcium influx triggers the induction and maintenance of synaptic potentiation (Bayer et al., 2001; Dupuis et al., 2014; Lisman et al., 2012; Otmakhov et al., 2004) . As a consequence, preventing GluN2B-NMDAR synaptic stabilization may interfere with the CaMKII recruitment to dendritic spines and therefore impair LTP expression. Thus, GluN2A-and GluN2B-NMDARs could come as a 2-fold blow, with GluN2A-NMDARs acting as ionotropic calcium providers, while GluN2B-NMDARs provide structural scaffolding support for intracellular partners involved in LTP signaling (Dupuis et al., 2014) . Altogether, these pieces of evidence advocate for GluN2A-/GluN2B-NMDAR balance as a kingpin for adaptation at glutamatergic synapses. As the gross number of GluN2A and GluN2B-NMDARs in a hippocampal synapse of the CA1 area is in the range of 20-50 (Shinohara et al., 2008) , our data suggest that the lateral redistribution of a limited fraction of NMDARs, as witnessed during LTP (Dupuis et al., 2014) , is sufficient to alter the plastic range of a given synapse. Thus, fine tuning of GluN2A and GluN2B-NMDAR nano-organization at synapses emerges as a powerful regulator of neuronal network functions in the hippocampus.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: 
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The authors declare no competing interests. cells were washed with unsupplemented Neurobasal medium containing 2 mM kynurenic acid and moved back to their original culture dish for 4 days of expression before use. COS-7 were cultured in DMEM (Biowest, #L0102) with 10% FBS (GIBCO), 2 mM glutamine (PAA). Transient transfections with GluN2A-SEP/GluN1 or GluN2B/GluN1 plasmids were performed 2 days before lysis, using Amaxa Nucleofector (Lonza).
STAR+METHODS KEY RESOURCES

STED microscopy
All STED imaging sessions were carried out on a Leica DMI6000 TCS SP8 X system equipped with two continuous wave STED lasers for excitation at 592 nm and 660 nm and a pulsed 775 nm depletion laser. A 40X/1.3 NA oil immersion objective was used to identify transfected cells, while a 100X/1.4 NA oil immersion objective lens was used for STED imaging. Fluorescence signals were passed through a pinhole size of 1 Airy unit. Image frame size was adjusted per image and acquired sequentially in line-scan mode using a scan speed of 400 Hz with a pixel size of 20 nm.
Electrophysiology P15-P21 C57BL/6 mice were anesthetized using isoflurane. Parasagittal brain slices (350 mm thick) were prepared in a dissection solution containing (in mM): 250 sucrose, 2 KCl, 7 MgCl 2 , 0.5 CaCl 2 , 1.15 NaH 2 PO 4 , 11 glucose and 26 NaHCO 3 (equilibrated with 95% O2/5% CO2). Slices were then incubated at 33 C for 30 min and subsequently stored at room temperature in an oxygenated artificial cerebrospinal fluid (aCSF; gassed with 95% O 2 and 5% CO 2 ) containing (in mM): 126 NaCl, 3.5 KCl, 2 CaCl 2 , 1.3 MgCl 2 , 1.2 NaH 2 PO 4 , 25 NaHCO 3 and 12.1 glucose (pH 7.35). Whole-cell voltage-clamp recordings from CA1 pyramidal were made at 33 C cells under infrared differential interference contrast imaging. EPSCs were evoked at a rate of 0.05 Hz via an aCSF-filled glass microelectrode positioned in the stratum radiatum to stimulate Schaffer collaterals. Evoked NMDA-mediated excitatory postsynaptic currents (eEPSCs) were recorded at +40 mV in the presence of the GABAA receptor antagonist bicuculline (20 mM) and the AMPA receptor antagonist NBQX (10 mM). Ro 25-6981 (2 mM) and Zn 2+ (250 nM) were added when required to selectively inhibit GluN2Bor GluN2A-NMDAR, respectively. Zn 2+ (250 nM) was prepared from ZnCl2 dissolved in Tricine 10 mM with the relation [Zinc]free = [Zinc]applied/200. At this concentration, Zn 2+ acts as a partial antagonist that selectively inhibits $70%-80% of the current flowing through GluN2A-containing NMDAR (GluN1/GluN1/GluN2A/GluN2A) (Paoletti et al., 1997) . All drugs were obtained from Tocris Bioscience (Bristol, UK) or Sigma-Aldrich (St. Louis, MO). Recording electrodes (4-5 MU) were filled with a solution containing (in mM): 125 cesium methanesulfonate, 4 NaCl, 2 MgCl2, 10 HEPES, 10 EGTA, 5 phosphocreatine, 2 MgATP, 0.33 mM Na 3 GTP and 5 mM of either the 2A 2 , 2B 2 or the NS 2 ligands (adjusted to pH 7.2 with CsOH). For LTP experiments, the intracellular solution contained 125 mM cesium gluconate, 8 mM NaCl, 10 mM HEPES, 0.2 mM EGTA, 4 mM Mg-ATP, 0.33 Na 3 GTP, 10 mM phosphocreatine, 5 mM TEA-Cl and 5 mM of either the 2A 2 , 2B 2 or the NS 2 ligands (adjusted to pH 7.3 with CsOH). EPSCs were recorded at À60 mV in presence of bicuculline (20 mM). LTP was induced by a pairing protocol consisting of 200 Schaffer collateral stimulations at 2Hz while depolarizing the postsynaptic cell to À5 mV. Data were recorded using a Multiclamp 700B amplifier and a Digidata 1550B interface controlled by Clampex 10.7 (Molecular Devices). Series resistance was monitored throughout the experiment by a brief voltage step of 5 mV at the beginning of each recording, and data were discarded when it changed by > 20%.
QUANTIFICATION AND STATISTICAL ANALYSIS
Co-localization study of synaptic proteins To quantify the immunocytochemistry data, 19-22 cells were selected. From each neuron, two to three dendrites were chosen for analysis. The images were subjected to a user-defined intensity threshold, for cluster selection and background subtraction. Number of clusters was measured for all selected regions and normalized to the dendrite length. Synaptic clusters were determined as the postsynaptic clusters overlapping the thresholded image of PSD95 (postsynaptic) or VGLUT (presynaptic).
dSTORM data analysis
Three complementary analysis methods relying on different principles were used to characterize the nanoscopic organization of NMDAR. While the wavelet-based morphometric analysis uses reconstructed super-resolved images and performs a segmentation to distinguish signals from background, both DBSCAN and SR-Tesseler analyses utilize localization coordinates. In DBSCAN, the cluster area is measured based on localization density within a given radius (related to the size of the protein of interest with its labeling, without considering the background), while the SR-Tesseler distinguishes clusters or nanodomains based on local increases in localization density compared to average background or average cluster density, respectively (the size of the protein and labeling are not taken into account). Wavelet-based morphometric image analysis (image-based analysis) Super-resolution images were reconstructed by the Leica LAS software using a fitting algorithm determining the centroid-coordinates of a single molecule and fitting the point-spread-function (PSF) of a distinct diffraction limited event to a Gaussian function. NMDAR or PSD95 clusters were identified on their respective epifluorescence images. GluN2A-or GluN2B-NMDAR nanodomain number, area and shape were quantified after segmentation of their respective dSTORM reconstructed images (MetaMorph software, Molecular Devices). Morphological features, such as surface area, length and shape of each segmented structure, were exported to calculate their respective distributions. The dimensions were computed by 2D anisotropic Gaussian fitting, from which the principal and the auxiliary axes were extracted as 2.3s long and 2.3s short, respectively. The shape factor was calculated as a ratio between the auxiliary and the principal axes. The epifluorescence image of PSD95 was superimposed on the NMDAR dSTORM image to identify the PSD95 positive (PSD95+) versus PSD95 negative (PSD95-) nanodomains.
Density-based analysis
The previously described density-based spatial clustering of applications with noise (DBSCAN) algorithm, implemented in the Lama software (Malkusch and Heilemann, 2016) , was used to calculate the area and molecule number of NMDAR clusters. The DBSCAN algorithm identifies the localizations that reside within the middle of a circle of the observation radius ( 3) and enclose at least P min (minimal cluster size) localizations. An 3 of 14 nm was chosen which roughly corresponds to the radius of an NMDAR (Lee et al., 2014) with the antibody complex attached to it. The P min was chosen based on the density-distribution of the localizations within 3; in our case the value was 6 in order to separate the localizations from noise but not too large to find sparse clusters. The cluster localizations were corrected for fluorophore blinking, a function included in the Lama software (Malkusch and Heilemann, 2016) , and normalized to the corresponding image background to estimate the number of molecules per clusters from the number of localizations.
SR-Tesseler analysis
The previously described SR-Tesseler method was used (Levet et al., 2015) to analyze both clusters and nanodomains. Single molecule localization coordinates were used to compute a Voronoï tessellation, in order to partition the image space in polygons of various sizes centered on each localized molecule. First-rank densities d i 1 were computed and density maps were generated by texturing the Voronoï polygons with d i 1 values. Segmentations of the clusters were performed by applying a threshold of twice the average density d of the whole dataset, with a minimum area of 2 and a minimum number of localizations of 5. Clusters' nanodomains were identified by applying a threshold of one time the average density of each cluster (0.01 minimum area, 25 minimum number of localizations). All selected neighboring molecules were merged together to segment clusters and nanodomains, and the size parameters were extracted by principal component analysis.
SR-Tesseler colocalization analysis
We used multicolor fluorescent microbeads as fiducial markers to correct for lateral drifts and register multicolor experimental data. Each color was segmented independently using the two-level tessellation-based segmentation described above. Colocalization was computed as the overlapping surface between the channels.
Calculation of localization precision
Theoretical localization precision was calculated from the integrated intensity of single PSFs using the methods of Thompson and Mortensen (Mortensen et al., 2010; Thompson et al., 2002) implemented in the Lama software (Malkusch and Heilemann, 2016) . Both of these methods utilize PSFs calculated based on 'least-squares estimation' (LSE). Localization precision depends mainly on the number of detected photons (N) and the standard deviation of the PSF (s), both of which depend on characteristics of the optical setup and the type of fluorescent labeling used. Additionally, localization precision depends also on the area imaged in one pixel of the camera chip (a) and the background signal (b). Our Leica SR GSD 3D system, with AlexaFluor 647 labeling, had a s value of 140 nm (s), and a noise value of 8.4 (b).
3D dSTORM image reconstruction analysis
Each single molecule position was obtained by a 2D elliptic Gaussian fitting of the PSF. The lateral position is given by the PSF centroid while the axial position is obtained by comparing the fitted parameters to a calibration curve (Huang et al., 2008) . Super-resolution image reconstruction and cluster visualization for counting were performed using homemade LABVIEW software. Nanodomains were user-defined in the 3D-reconstructed dSTORM image as individualized groups of localizations, spatially separated in the 3 dimensions. Single isolated localizations were not taken into account.
STED image analysis
For analysis, five NMDAR clusters expressing both GluN2A-HA and GluN2B-flag were selected per single STED image for a total of 22 images from two separate experiments. The selected clusters were subjected to a user-defined intensity threshold and cluster area was measured afterward. GluN2A fraction over GluN2B was calculated as the overlapping GluN2A area on GluN2B area, normalized to the total GluN2A area.
Statistics
The statistical analysis was performed with the help of GraphPad Prism 5 software (GraphPad Software). The different statistical tests used are indicated in Table S1 .
